Results of a molecular dynamics study of aqueous solutions of LiJ, LiCl, NaCl, CsCl and CsF are reported. The basic periodic box contained 200 water molecules, 8 cations and 8 anions, equivalent to 2.2 molal solutions. Static properties of the first hydration shells of the ions are discussed in detail on the basis of radial pair correlation functions, average potential energies of the water molecules and pair interaction energy distributions. The calculations lead to the conclusion that in the first hydration shells a lone pair orbital of the water molecule is directed towards the cation while a hydrogen atom points towards the anion. In the five alkali halide solutions investigated ion pairing occurs only with CsF. The hydration numbers, when defined as the volume integrals of the ion-water radial pair correlation functions up to the first minimum, increase with increasing ion size and depend on the size of the counterion. The water-water interactions in the solutions show not only features of pure water at elevated temperatures but also of pure water under compresion. The agreement between calculated and measured self diffusion coefficients is still insufficient.
I. Introduction
In two previous papers from this laboratory 2 preliminary results of molecular dynamics calcula tions on 2.2 molal aqueous LiCl and CsCl solutions have been reported. Inspite of some shortcomings, especially as far as dynamical properties are concerned, the results of these investigations seemed to be promising with respect to a better understanding of the structure of aqueous solutions and justified a continuation and extension of the calculations on this line. Some other approaches to simulate aqueous salt solutions have meanwhile been studied by Gosling and Singer 3 and Rahman 4 .
Our preliminary results of the calculations gave no indication not to adhere to the ST2 water model of Stillinger and Rahman 5 . In order to improve the simulation, the switching function in the ion-ion pair potential has been removed and its range has been extended up to a distance of 2 1 /2 times the length of the basic periodic box. Some additional properties have been calculated such as the average value of the cosine between the dipole moments of the water molecules as a function of distance and the average value of the square of the total dipole moment of the water molecules within the basic box. Also the average pair potential energy of the water molecules has been plotted as a function of oxygenoxygen distance.
The calculations have been extended to solutions of LiJ, NaCl and CsF. These solutions were selected in order to get information on changes of the hydration shell of an ion by a change of the counterion. This provides an other check of possible limitations of the ST2 water model as far as static properties of the aqueous solutions are concerned.
In a subsequent paper 6 the molecular dynamics results of a 0.55 molal NaCl solution are compared with the 2.2 molal solution reported here.
II. Effective Pair Potentials and Details of the Calculations
As in the previous work 2 the total potential was obtained as the sum of effective pair potentials. For the water molecule the ST2 four point charge model 5 was used, while the ions were treated as point charges residing at the center of LennardJones spheres.
The effective pair potentials used consist of a Lennard-Jones term (centered at the oxygen atom for the water molecules) Vif ( r ) = 4 £ij [ {oijjr) 12 -(ojj/r) 6 for the various interactions are given in Table 1 . the sidelength of the basic periodic box, /, the number of time steps, N, and the total elapsed time, t, are also given in Table 1 .
Selected effective pair potentials are shown in Fig. 1 for ion-ion interactions and in Fig. 2 for ionwater interactions. Because of the strong difference in interaction energies three different cut-off parameters have been chosen: 7.11 Ä for w T ater-water, 0.5 I for ion-water and 2.5 I for ion-ion interactions.
The calculated properties of the CsCl solution, in so far as they have been obtained in the previous paper 2 , are repeated here. Newly calculated properties of this solution are from a short run over 410 time steps and are therefore of limited statistical value. The difference in the ion-ion pair potentials used here and the previous paper 2 does not lead to remarkable differences in the results as far as can be judged from this short run.
For equilibration all systems were run about 1000 time steps at 900 K and another 3000 at 300 K before data were collected. Then the temperature was kept in the range 295 -305 K. For further details of the calculations see Reference 2 .
III. Results and Discussion

A) Radial Pair Correlation Functions
The radial pair correlation functions g+o{r),
g-n(r) and goo(r), giving the oxygen and hydrogen atom densities about the cations, anions and oxygen atoms, relative to the respective mean densities, and the corresponding total numbers of oxygen and hydrogen atoms in spheres of radius r about the ions and oxygen atoms which shall be called running integration numbers n(r) are shown in Figures 3 -5 . The functions <7xH( r ) and nxH(f) give information about the orientation of the water molecules and shall be discussed in Section B.
Some characteristic values of the functions <7xo ( r ) are given in Table 2 . It can be seen from this Table  that in the limits of uncertainty rjji as well as Rx does not depend on the counterion as far as the ionwater interaction is concerned. In the case of the water-water interaction TMI does not depend on the solute but is shifted 0.05 Ä to longer distances relative to pure water, and is smaller by 0.1 Ä in the LiJ solution than in the other solutions and pure water. The R2 values which reflect the asymmetry of the first peak, change with the counterion and, for goo( r )i with the solution, but no special trend is recognizable.
The rjn values obtained in this work are compared in Table 3 with other available information, and are discussed in detail below. The height of the first peak, <7xo ( r Mi)? depends on the counterion, as can be seen for Li + and Cl~. It increases with increasing counterion size, indicating that large counterions disturb the hydration shell less than small ones. The uncertainty in the case of Cs + is too large to be used as argument against this conclusion. The height <7oo( r Mi) does, in the limits of uncertainty, not depend on the solute. The obvious difference, when compared with pure water, shows again the often recognized effect that solutes change the water structure in the same way as increasing temperature does. This effect is discussed in detail in our previous paper 2 . The small ions Li + and F~ are able to form a second hydration shell in LiJ and CsF solutions as can be seen from Figs. 3 and 4 and the last four columns of Table 2 , although the concentrations are as high as 2.2 molal. In the LiCl solution the second hydration shell of Li + is less pronounced than in LiJ because of the stronger disturbance by the smaller counterion. From the uncertainties of rml, <710(/ml) and 5 , io( r M2) the general trend, also recognizable in #J0(rM1), is obvious that the hydration shell structure becomes less pronounced with increasing ion size and decreasing size of the counterion. A certain exception from this trend is shown by 5 r Nao( r mt)* An irregular behaviour of the NaCl solution will also be seen later on in the case of other properties. There are no noticeable differences in <700 ( r ) beyond statistical uncertainty between the various solutions investigated, but relative to pure water r>i2 and are shifted to longer distances. At a distance slightly larger than the minimum, 9ooi r )
shows for all solutes except CsCl a small bump outside statistical noise. It seems to reflect the high concentration of water molecules on the opposite sides of the small ions Li + , Na + , and F~.
A detailed comparison of the radial distribution functions of the CsCl solution with the results of an x-ray study is in preparation 10 . The position of the first peak of the <7x0(7) functions (see Table 2 ) giving the average ion-oxygen distance of the first hydration shell and the nearest neighbour oxygen-oxygen distance are compared in Table 3 with the results of x-ray diffraction studies 11_14 , crystal radii data 15 and preliminary results of Monte Carlo calculations 16 . There is excellent agreement between the different methods for the nearest neighbour oxygen-oxygen distance. In the case of the cations the agreement between molecular dynamics, x-ray diffraction and Monte Carlo calculations is good, while the sum of the crystal radii of ion and water lead to values which are remarkably higher. There are large discrepancies between the different methods in the case of the anions. Obviously the molecular dynamics values are remarkably lower when compared with the other ones. In particular the good agreement between the various x-ray measurements for Cl -raises some doubt about the molecular dynamics results. Agreement in the case of cations and disagreement in the case of anions might indicate that the asymmetric charge distribution in the ST2 water model causes this discrepancy. The ST2 model leading to satisfactory results for pure water might not be fully appropriate to describe aqueous solutions.
The hydration numbers for the various ions are defined in this paper as the numbers of oxygen atoms within a sphere of radius rml. They are given in Table 4 . The ranges merely reflect the uncertainties in positioning the minima. For the small ions Li + , F~ and Na + where the end of the first hydration shell is clearly given by the pronounced minimum in <7xo ( r ) > the hydration numbers are well defined and easily recognized by the plateau in nxoi r )-With increasing ion size, where the hydration shell becomes less pronounced, the determination of the hydration numbers is less certain as there is no plateau in nxo( r ) • Our hydration numbers increase with ion size as expected from steric reasons, with the one exception of the couple CI -and J~ with Li + as counterion where they are the same. At lower concentration and/or with larger counterions this exception might not exist. The hydration numbers also increase with increasing size of the counterion 17 . This results from the fact that large counterions disturb the hydration shell less than small ones, an effect which is also recognizable in the formation of the second hydration shell as noted above. Again the NaCl solution is an exception. The hydration number of CI" in this solution is smaller than in the LiCl solution. It should be pointed out that the dependence of the hydration number on the size of the counterion leads to a larger hydration number for Li + in LiJ than for Na + in NaCl.
The molecular dynamics calculations so far do not give any hint for distinguishing between coordination and solvation numbers on the basis of nonoriented water molecules in the hydration shells of the ions, as discussed e. g. by Bockris and Saluja 18 . A detailed comparison of hydration numbers derived from molecular dynamics calculations with those deduced from other investigations will be given in a separate paper.
The number of nearest neighbours of a water molecule as deduced from the integration of goo( r ) up to the minimum is noticeable larger for the solutions than for pure ST2 water. Quantitative differences between the various solutions cannot be given because of the statistical uncertainty, as can be seen from Figure 5 . But if the integration is extended to a fixed distance, /, e. g. the minimum of the ^oo( r ) -curve of pure water, then n(r') is the same for all solutions, namely six, and about 10% higher than for pure water. From this fact it can be seen again that the water in aqueous solutions shows features of pure water at elevated temperature as well as of water under compression.
The interionic radial pair correlation functions g(r) show no ion pairing except in the case of cesiumfluoride which is shown in Figure 6 19 . Inspite of the poor statistics, caused by the small number of ions, the very sharp peak at 3.14 Ä shows, in agreement with the x-ray diffraction studies of Bertagnolli, Weidner and Zimmermann 13 that fluorine ions occupy places of water molecules in the first hydration shell of Cs + . From the running integration number ncSF(/) it can be infered that about one out of ten F~ are placed in the first hydration shell of Cs + in the case of a 2.2 molal solution as investigated here.
B) Orientation of the Water Molecules
The orientation of the water molecules around the ions can be seen from the radial pair correlation functions g+n{r) and <7-n( r ) (Figs. 3 and 4) , and from the average value of cos 0 as a function of r (Figs. 7 and 8) , & being the angle between the dipole moment of a water molecule and the vector pointing from the oxygen atom towards an ion.
As can be seen from Fig. 4 for all five solutions investigated, the distances between the first peaks of 9-H( r ) an d 9-o( r ) are 1 A, the 0 -H distance in the rigid ST2 water model, and the integration numbers n_n(R.2) and n_o(R2) are equal. Therefore, it has been concluded that in the case of the anions a linear hydrogen bond is being formed. This orientation of the water molecules around the anions has been found for Cl~ by x-ray and neutron diffraction studies 11 and for F~ by NMR measurements 20 . In the case of the cations the positions of where ÄOH = 1 Ä and rtil is the position of the first peak of a g+o(r) curve. This allows the conclusion that a lone pair orbital of the water molecules is directed towards the cation. It agrees with these conclusions that the values of (cos@(r)), given in Figs. 7 and 8, are about -0.6 and + 0.6, for cations and anions respectively, in the ranges and the respective mean values (cos (9) are shown in Figure 9 . A measure of the width of such curves is the average square deviation from the mean value. The (cos 0)-values and the average square deviations for the five solutions studied in this paper are collected in Table 5 .
As all water molecules in the first hydration shell (0 r ^ rml) are included, not only the water molecules in the range 0 ^ r R.z where (cos O (r)) is rather constant at -0.6 and + 0.6 for cations and anions respectively, a positive tail arises in the PcsW (cos &) -curves. This is a consequence of strongly decreasing orientation of the water molecules with increasing distance in the case of the large cations. As can be seen from sharpness of the distribution functions P(cos (9) decreases with increasing cation size, but a similar trend is not recognizable for the anions. There is no clear trend in respect to the size of the counterions.
Some general features of (cos@(r)) are recognizable for all ion-water interactions (Figs. 7 and 8 ).
The plateau-like range at small distances is followed The quantity (M 2 )/N, where N is the total number of water molecules in the basic periodic box, has been calculated for the five different alkali halide solutions and is given in Table 6 together with the value for pure ST2 water as calculated by Stillinger and Rahman 5 . For all five 2.2 molal solutions the values are larger than for pure water but smaller than one, indicating less correlation between the dipole moment vector directions. It can be seen from Table 6 that the deviation from pure water is 21 ).
It appears to be premature to try to relate at this stage the quantities (cos@ww( r )) an d (M 2 )/N calculated here to measured static dielectric properties of aqueous solutions. For Li + and Cl~ the minimum energies for the two orientations differ very little. This correlation between minimum energy and orientation in the case of the rigid ST2 water molecule in the field of an ion agrees qualitatively with results of molecular orbital calculations 22 . From this agreement it can be expected that the ST2 water model leads to reasonable results also for aqueous solutions. The comparison between full and broken lines for the various ions in the five different alkali halide solutions shows the strong orienting influence of neighbouring water molecules and ions, leading to a more or less unfavorable orientation in respect to the central ion.
As the potential energy of a water molecule in the field of an ion depends, besides on r, on the orientation of the water molecule, many similarities arise in the curves of (cos (9iw (r)) and (Frw( r )) (cf.
Figs. 7, 8, 11, 12) .
In Fig. 13 the average water-water pair potential energy is given as a function of oxygen-oxygen distance for the five alkali halide solutions. In all five solutions water molecules at small distances with positive pair interaction energies have been found. The minimum of (Fww ( r )) coincides with the maximum of the first peak in the radial pair correlation function <7oo( r ) and ranges from -2.6 for LiJ to -3.1 kcal/mole for CsF. Between 3.5 and 4.5 Ä the average potential energy is either zero (in the case of CsCl) or positive. Beyond 4.5 Ä it is zero except for LiJ, where ) remains positive up to the cut-off distance. The positive values of (J'Vw^)) ran g e 3.5 -4.5 Ä result from the orientation of the water molecules around the ions leading to unfavorable orientations of the water molecules relative to each other. A comparison of (f / ww(^)) with (cos ©Liw(r)) and (cos<9jw(0) in the case of the LiJ solution shows this effect very clearly.
D) Pair Interaction Energy Distribution
Denoting the average number of pairs having an interaction energy in the range of dV by p(V)dV, the cation-water, anion-water and water-water pair interaction energy distribution functions p(V) are shown in Figs. 14 -16 respectively. p(V) is given in arbitrary units. It increases rapidly as V goes to zero because of the greater number_ of pair interactions at large distances where coulombic terms of the potential are small. The negative energy sides of the plots in Figs. 14 and 15 reflect the more or less pronounced hydration shells of the ions as expected from the radial distribution functions together with the average potential energy plots. Comparing ions of similar size like Cs + and J~, it can be seen that the anions show a less uniform energy distribution than the cations. There are no distinct differences recognizable in the p(V) plots for different counterions as can be seen for Cl~ in Figure 15 In Fig. 16 the water-water energy distribution in the five alkali halide solutions are shown. As discussed in detail in a previos paper 2 , the plateau at negative energies demonstrates that these solutions show properties of pure water at elevated temperatures while the positive energies indicate by the shoulder at about 2.8'10~1 3 erg (ca. 4 kcal/mole) that the water-water interactions in these solutions show additionally features of pure water under high compression 23 . The differences between the various solutions as far as the negative energy sides are concerned are not considered to be significant at this stage of the investigations. It is obvious from the plots that the number of water-water interactions with positive energies is smallest in the case of the CsCl solution and by far the largest for the LiJ solution. This relatively high percentage of waterwater interactions with positive energies in the LiJ solution results from the fact that favorable orientation of the water molecules around Li + and J~ leads to unfavorable orientations of the water molecules relative to each other. tions due to the hydration shells of counterions and from water molecules located in positions intermediate between hydration shells. It should be noted that the number of water molecules with positive energies is obviously smallest in the LJ solution, recognizable in the J~-water as well as in the Li + -water pair interaction energy distribution. This results from the long range ordering of the water molecules in this solution as can be seen from the (cos(9(r)} and correspondingly the (V(r)) plots for both ions Li + and J~.
E) Self Diffusion Coefficient for Water
The self diffusion coefficients for the water molecules calculated here using the relationship 2 6 t D = lim are for all five solutions by more than a factor of two larger than the ones obtained by Endom, Hertz, Thül, and Zeidler 24 from NMR measurements. The reason for this discrepancy is most probably that the simulation time was not long enough to reach the limiting slope.
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